Abstract-A novel digital signal processing-based coherent receiver for phase-modulated radio-over-fiber (RoF) optical links is presented and demonstrated experimentally. Error-free demodulation of 50-Mbaud binary phase-shift keying (BPSK) and quadrature phase-shift keying data signal modulated on a 5-GHz radio-frequency (RF) carrier is experimentally demonstrated using the proposed digital coherent receiver. Additionally, a wavelength-division-multiplexing (WDM) phase-modulated RoF optical link is experimentally demonstrated. A 3 50 Mb/s WDM transmission of a BPSK modulated 5-GHz RF carrier is achieved over 25 km for the WDM channel spacing of 12.5 and 25 GHz, respectively.
I. INTRODUCTION
T RANSPORT and distribution of radio and wireless signals over fiber [radio-over-fiber (RoF)] is an important technology in order to realize converged fiber-optic and wireless networks [1] . Especially, RoF optical links employing optical phase modulation at the antenna base station have recently attracted much attention [2] - [4] . An immediate advantage of optical phase modulation over intensity modulation is that the process of imposing a high radio-frequency (RF) wireless signal on the optical carrier is inherently linear when conventional phase modulators are used. Additionally, phase-modulated RoF optical links do not require bias voltage for the optical phase modulator at the remote antenna base station. The challenge to implement a phase-modulated optical link lies in the receiver structure since optical phase-modulated links require a coherent receiver [2] , [3] . With recent advances in integrated electronic circuits and digital signal processing (DSP), coherent receivers using DSP are becoming very attractive [3] . Recent efforts on digital coherent receivers for RoF optical links have mostly focused on analog communication with focus on linear demodulation [3] . We have recently proposed and experimentally demonstrated by proof-of-principle a novel DSP-based coherent receiver for phase-modulated RoF optical links employing a simple amplitude shift keying 
II. SYSTEM SETUP AND DIGITAL COHERENT RECEIVER
The general outline of the experimental setup for the (WDM) phase-modulated RoF optical link and the proposed digital coherent receiver is shown in Fig. 1 . The transmitter consists of three tunable DFB lasers with 3 MHz linewidth and wavelengths in the range between 1550.20 and 1550.60 nm. The output of the transmitter is amplified by a high-power erbium-doped fiber amplifier. A vector signal generator is used to generate an RF carrier (5 GHz) which is modulated by a 50-Mymbol/s BPSK or QPSK data signal. The modulated RF data signal denoted is then used to drive a conventional lithium-niobate optical phase modulator. After transmission through SMF, the phase-modulated optical data signal is then split in two polarizations using a polarization-beam splitter (PBS). At the receiver, a 90 optical hybrid is used to mix the received data signal with the tunable external cavity LO laser ( 100-kHz linewidth). According to Fig. 1 , we have a polarization controller before the PBS at the receiver so that the polarization of the incoming signal is manually aligned to maximize the power input to the optical hybrid. Indeed, in practice, a polarization diversity scheme, or polarization tracking, could be implemented. The in-phase and quadrature optical signal components are detected with two pairs of balanced photodiodes (bandwidth 7.5 GHz). The wavelength of the LO laser is tunable in order to demultiplex different WDM channels. The detected photocurrents are digitalized at a sample rate of 40 Gs/s using a high-bandwidth real-time oscilloscope (Agilent Infinium DSO80000B with 13-GHz analog bandwidth). The sampled photocurrent is later used for offline signal demodulation and data recovery which is described in 1041-1135/$25.00 © 2009 IEEE the following. The digitalized photocurrents form a complex quantity , where is an integer and is a constant. The digital signal contains all the necessary information to compensate for the frequency and phase difference between the transmitter and LO laser , recover the RF carrier frequency and phase, and finally recover the data. Following Fig. 1 , we see that first the frequency offset between the transmitter laser and LO laser, contained in the complex quantity , is removed using carrier-recovery digital PLL, thereafter the signal is linearly demodulated such that the output of the linear demodulator block corresponds to the RF signal at the transmitter, i.e.,
, and finally the linearly demodulated signal is sent to the RF carrier recovery module to remove the RF carrier and phase and thereby perform signal demodulation. The carrier-recovery digital PLL consists of a phase rotator, phase-detector, digital low-pass filter, number controlled oscillator (NCO), and sine/cosine processor. The sine/cosine processor accepts the real NCO phase samples as input and delivers sine and cosine samples of those phases to produce a complex locally generated signal, i.e., , where is an estimate of the frequency and phase difference between the transmitter and LO laser (see Fig. 1 ). The phase rotator performs a complex multiplication between the data signal and the locally generated signal, , to produce a complex control signal for the carrier recovery loop. A phase detector algorithm , whose output is proportional to , provides an indication of the phase error. The digital signal from the phase detector is then passed through a digital (first-order) filter and the output from the digital filter controls the NCO. When the carrier-recovery digital PLL is locked, the frequency and phase difference between the transmitter and LO laser is removed from the complex signal .Next, we linearly demodulate the phase-encoded RF data signal through the relation [3] . The signal after linear demodulation is sent to MLCPE the RF carrier phase, where the data can be demodulated. Recognizing that for and for , we see that we have the decision-directed RF carrier recovery. The maximum likelikehood RF phase estimation is derived by demodulating the signal by sine and cosine derived from the common NCO running at ( : RF carrier frequency; : sampling frequency), doing separate integration operation slicing the data [6] . Next, in Fig. 2 , we briefly investigate the tolerance of the digital coherent receiver on the laser linewidth using numerical simulations. The bit-error rate (BER) is computed as a function of the laser linewidth-to-RF carrier frequency ratio, , for selected values of the low-pass digital filter bandwidth in the carrier-recovery DPLL. It is observed that wider laser linewidth can be tolerated by decreasing loop filter bandwidth. We should keep in mind that by decreasing the loop filter bandwidth, the overall loop gain will be decreased as well, which in the end will limit the tracking range of the carrier-recovery DPLL. Fig. 3(a) illustrates a constellation diagram of the 50-Msymbol/s QPSK signal recovered from the optical phase-modulated link (5-GHz RF carrier) after transmission through couple of meters of fiber. Fig. 3(a) demonstrates that the digital receiver can be successfully used for QPSK signal demodulation in the subcarrier phase-modulated optical link. In Fig. 3(b) , the -factor of the demodulated 5-GHz RF carrier employing 50-Mb/s BPSK and 100-Mb/s QPSK data modulation is shown as a function of average received power for the back-to back measurement. For BPSK modulation, the high values of the -factor indicate that error-free (BER better than , corresponding to larger than 15.6 dB) signal demodulation is achieved in the whole considered range of the received optical power levels. The values of the -factor of the in-phase and quadrature tributaries of the demodulated QPSK signal are below the -factor values for the BPSK modulated signal. Since the same average power was used for BPSK and QPSK, the power of each in-phase/quadrature tributary of the QPSK signal is lower compared to the power of the BPSK signal, resulting in a lower -factor for the QPSK signal tributaries. The degradation could also be attributed to the increased sensitivity of QPSK systems towards laser linewidth. Additionally, imperfections in the RF carrier phase estimation scheme for the QPSK signal may also contribute to the observed performance degradation. Fig. 4 shows the optical spectra of the WDM phase-modulated RoF optical signal when the WDM channel spacing is 12.5 and 25 GHz, respectively. As the WDM channel spacing is reduced to 12.5 GHz, significant overlap among channels is observed, making the signal recovery very challenging. To begin with, the WDM channel spacing is set to 12.5 GHz. In Fig. 5(a) , the -factor of the demodulated WDM channel at nm is shown as a function of average received optical power. Results are only provided for the center channel at since it is the one that experiences most crosstalk from the two neighboring channels. Three different scenarios are considered: 1) two neighboring WDM channels at nm and nm are present; 2) the WDM channel at nm is removed; and 3) the WDM channels at nm and nm are both removed. The -factor of the demultiplexed and demodulated WDM channel at nm is about 13 dB, when the channels at nm and nm are simultaneously present. This is below 15.6 dB, which corresponds to error-free (BER better than ) signal demodulation and detection. From Fig. 5(a) , it is observed that, as the neighboring channels are removed, the system performance in terms of -factor improves, as expected and the measured -factors are above 15.6 dB. Next, the WDM channel spacing is increased to 25 GHz. In Fig. 5(b) , the -factor for the three demodulated WDM channels is shown for back-to-back measurement and after 25-km transmission in the case of 25-GHz channel spacing. The measured -factors are all above 15.6 dB, which corresponds to error-free signal demodulation and detection. We stress that, even though no dispersion compensation algorithm has been used, error-free signal demodulation is still obtainable after 25 km.
III. EXPERIMENTAL RESULTS

IV. CONCLUSION
A novel concept for DSP-based coherent receiver for phasemodulated RoF optical links has been proposed and experimentally demonstrated. We have experimentally shown that the digital coherent receiver can be used to successfully recover subcarrier modulated data employing BPSK/QPSK modulation formats. If more spectrally efficient modulation formats such as 16 QAM are used, RF carrier recovery becomes more challenging due to denser constellation diagrams and laser phase noise. Additionally, we have experimentally demonstrated a novel concept of WDM phase-modulated RoF link using digital coherent detection. The system could potentially be upgraded to operate at higher RF frequencies. The main limitations originate from the bandwidth of the photodiodes and sampler at the receiver. The receiver could also be used for subcarrier multiplexed systems, if a bandpass filter is applied for channel selection after linear demodulation.
